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FOREWORD

This technology document presents the performance characteristics
of the X-24A lifting body obtained from flight data and compares them
with wind tunnel predictions. The X-24A flight test program began 17
April 1969 and was completed on 4 June 1971. References 1 through 8 are
related documents reporting the flight test results from the X-24A program.

The author wishes to acknowledge the efforts of Mr. Dazvid F. Richardson
for developing the computer program used to calculate performance param-
eters from flight data (appendix IV) and Mr. Christopher J. Nagy who de-
veloped the X-24A position error correction (appendix III). The author
also wishes to acknowledge Mr. Rcbert G. Hoey for his study on tip £fin
flow separation (appendix V) and for his advice and assistance in writing
this report.
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ABSTRACT

The objectives of determining the performance characteristics of
the X-24A lifting body from flight test data and correlating these re-
sults with wind tunnel predictions were successfully accomplished. Lift
and drag characteristics were computed from onboard measured accelera-
tions and flight conditions while the vehicle was in gliding flight.
Performance data were obtained over Mach number and angle of attack
ranges of 0.26 to 1.5 and 1.5 to 19.6 degrees, respectively. Discrepan-
cies were apparent between different wind tunnel predictions. However,
flight test data generally exhibited lower lift and slightly lower drag
than wind tunnel predictions with the result that flight test and wind
tunnel L/D values were in reasonably good “agreement. Effects of Mach
number, vehicle control surface configuration, and landing gear deploy-
ment on performance parameters were determined. Degradation of flight
performance at low subsonic Mach numbers was attributed to tip fin flow
separation. In Volume II of this report, supersonic performance com-
parisons are made between the PRIME and RX-24a vehicles, both of which
were of the same aerodynamic configuration (SV~5). A significant
degradation in subsonic verformance due to simulated ablative surface
roughness was obtained in full scale wind tunnel tests. Flight testing
of simulated ablatives on the X-24A was not pursued; however, the esti-
mated effects of the ablatives are discussed in Volume II.
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INTRODUCTION

The X-24A lifting body flight test program was conducted at the Air
Force Flight Test Center between April 1969 and June 1971, 1In addition
to proving the unpowered landing capability of this class of medium lift-
to-drag ratio (L/D) reentry vehicle, extensive flight data were obtained
- o define the handling gqualities, stability, control, and pasrformance
cnaracteristics of tihhe X-24A configuration through the subsonic, trans-
onic, and supersonic Mach number (M) regions up to M = 1.60.

Design predictions of the flighr characteristics of the X-24A lift-
1ng body were based on theoretical calculations and wind tunnel data
obtained from small scale models. Verifying the accuracy of these data
and 1nvestigating the effect of any inaccuracies on vehicle iroerformance
were major objectives of the flight test program. To accomplish these
objuctives, performance data were obtained from maneuvers on a flight-
by-flight basis for the entire test program. This report presents the

l performance characteristics obtained from the 28 X-24A flights. Data

were obtained for 7 fixed upper flap bias configurations and 3 rudder

4 bias configurations, cver a Mach number range ¢f M = 0.26 to 1.50 and at
angles of attack (.) from 1.5 degrees to 19.6 degrees. Flight Reynolds

numbers (Re) ranged from 12 x 19v to 65 x 106, based on the vehicle

reference length of 23.0 feet. Some data were also obteined with the

1 lower flaps at zero degrees while controlling with the upper flaps in
both the landing gear up and landing gear down configurations. Flight

results were compared with full scale and small scale wind tunnel predic-

§ tions. Effecte of Mach number, wedge angle, rudder bias, tip fin flow

; separation, and landing gear deployment on flight performance parameters

are analyzed aind discussed.

In appendices VI and VII to this report !published separately),
hypersonic flight data from the subscale PRIMEZ? test program were cempared
to the supecrsonic X-24A flight performance data. Also included is a
study which summarized the results of several tests ‘including a fall
scale X-24A wind tunnel test) dealing with the effects of ablatives on
the low speed performance characteristics of medium L/D vehicles. These
cffects were applied to X-«<4A flight test perfrormance data 1n an Jttempt
to predict the subsonic pe:formance characteristics of an ablated X-24A.

DESCRIFPTION OF THE VEHICLE

The overall shape and dimensions of the X-24A are shown in figure 1.
The vazhicle was wedge-shaped in planform with a flat bottom and the top
a cuvrved airfoil surface with three vertical fins., All control surfaces
woere located at the aft end of the vehicle and consisted of two upper
ar.G two lowecr flaps and two upper and twe lower rudders on the outboard
fins. Pilot and stability auamentation system (SAS) inputs itn vitch and
roll were transmitted mechanically to the lower flap actuator When
cither lower fiap reached the fully closed position {zerxro de reus),
pitch and roll inputs were transferred through a clapper .o unicsm to
the corresponding upper flap. Pilot rudder pedal and yvaw $is i1nputs
caused motion of the upper rudders only as vaw control surfaces., Both
pairs cf upper and lower rudder surfaces could be deflected symmetri-
cally (blased;. Also, both pairs of upper and lower flaps could be

ZPRIME (Precisi.n Recovery Including Moneuvering Entry), an urmanned subscole vehicle of the sume contiguration
os the X—24A (SV=5) which was boosted to arbital spveds on an Atlas booster, )




.

g biased within a range of positions. The flaps and rudder surfaces could
be biased outward from their closed positions to increase the stability
at trons. ‘c and supersonic speeds. The flap and rudder bias features

wer o oar. by slowly moving trim motoxrs which were controlled bv switches
in L. -.plt. Contrcl surface bias desigrations and sign conventions
are shc in figure 6. A complete description cf the X-24A flight con-

trol system is presented in reterence 1.

Most flying was accomplished with the upper flaps fixed while con-
troiling with the lower flaps. However, two landing approaches were
accomplished with the lower tlaps at zero degrees, with pitch and roll
control con the upper flaps. Upper flap ccntrol was also used for mostc
of the landings after landing gear deployment. The vehicle configuration
that evolved for flight at Mach numbers greater than 0.50 s shown in
figure 2. The standard approach and landing configuration is shown in

figure 3. A complete description of the X-24A vehicle is presented 1n
reference 2.

¥

294.4 in. - I | I '

—— 1380 in. -———>

Figure 1 Three-View Drawing of the X-284
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TEST METHOD

Tae X-24A flight program consisted of 10 glide flights and 18 powecrod
flights using an XLR-11 rocket engine. 1In powered flight, the vehicle :
was flown to a predzterwmined Mach number and altitude at w. .ch time the
rocxet eng.ne was shut down and the vechicle glided to an unpowgred 1and-
ing. A complete description of flight profiles, procedures, end objec-
tives 1s wvresented in reference 2.

All performance data maneuvers were performed with the vehicle 1in
3liding flight. Ko attempt was made to obtain 1liflL and drag 4data whiilc
the rockel engine was runining or during propellant jettison.

Test Performance Maneseuvers

4 pushowver-pullup mancuver was used to obtain most of the perfor-
mance flight data. A typical flight mancuver is shown in figure 4. The
pDlict steadily decreascd angle of attack to about 2 degrees, pulled un
to 14 degrees, and then returned ta the original angle of attack. The
prict tried to perform the task slowly enougih to avoid large pitch accel-
crauviong, but fast cnough to keev Mach nuwber somewhat constant during the
manciver.  Trading off these two parameccers resulted in un average Mach
nuwer change of 0.05% durine subsonic puerformance imancuvers and 0,1 to
0,27 curing supersonic mancuvers. Besides the plannced performance mancu-
vers, additional data woere obtained froem any substantial - excursion
waer: tne wiicn rate was fairly constant.

instrumentation N

Accelerotions wire weasurcd by scensitive accelerometers laced close
to tiho venicle's center of grawity. Angle of attack, angle of sideslin,
sratic prussure (Pg), and itolal press re were measured by a aitand S
plLot static tupe on a €¢.2-foot nesc boonw. All paraseters werce

te yround stations by neans of a pulse code modulation (BCM) data syston
and recorded on magnciic tape at the ground statiorn.
Data Analysis
s R . R . P J
The raw dota were processed through a NasA data reduction follow-on i
cempuiler preocram. Titls program made all the necessary correcticns To ‘
the data 1ncludlas an uswash corrcection to anale of actack and a nosi-
tion crror correction to measurca static pressurc. H dotailled discussion !
of how thuse two corcections were developed is in appendices L oand Hil. .
For cach, mancuvery, data were sclecred at pornts where witeh accelera- :
tion (y) was avproximatcly zero. Thilis was done 1n an attennt te oblal:n A
nmore consistent data at trimwecd flight conditions. Tigure 5 Congares \

data selected at half sccond 1nucrvals of a mancuver, to data of the sarc
r:ancuver seleocted at rolnts of zoro piten acceleration.  ‘Uine data seloctoed
atv zero piltch acceleration was nore consistent and showed a smaller
scatuver band.

An 1BM 1629 digirtal computer program was used to make additional
corrections to the 1light data and compute performance characteristics.
Corrcctions wore mode to the accelerometers for misallgnment and displacoe-

_nt trom thee o3t cg.  Other corrections were made Lo the trim clevator

P 3]
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position for pitch rate and c¢g variavion from a reference wind tunnel cy
of 57 percent. The body axis force coefficients were computed from the
corrected accelerations, calculated gross weight (reference 3), and dy-
namic pressure. Lift coefficient (Cp), drag coefificient (Cp) and LD
were then computed by rotating the body axis coefficients to the stability
axls using true angle of attack. The body and stability axis coordinatce
systems showing the positive direction of forces, mecments, and angles are
presented in figure 6. A detailed description of the computer program
along with a list of equations, a program listout, and a sanple output

arc in appendix IV,
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WIND TUNNEL TESTS

Extensive wind tunnel tests were poerformed on the full scale X-24A
{at M = 0.2) and an 8 percent steel model of the aircraft prior to the
flight test precgram. A wide range of vehicle control surface configura-
ticns ~cre tested for a Mach number and angle of attack range which cn-
compassed the X-24A flight test envelope. Table 1 presents a sumrary of
tne wind tunnel tests that were used for comparison with flight data in
this report. Since the performance data were greatly affected by control
surface configuration and Mach number, onls wind tunnel data which cor-
responded to the configuration and flight conditions of a particular test
manecuver were used for comparison. There was an exception in the casec
of the full scale tunnel data which were linited to 0.2 Mach number.
These data were only compared to flight data below M = 0.5 in the approach
and gecar down landing configurations. All o:ther flight data wecre compared
to tunnel tests performed on eight percent mcdels.

Most wind tunnel data taken with the vehicle in the transonic con-
figuratior, (upper flap bias position, 4Uy = -30 to -40 degrees with rudder
bias position, ¢Rg = 0 degrees) , ware obtained from the Langley 8-foot
vind tunnel. Most tunnel data taken at the low subsonic and approach
configuration (sUp = =10 to -30 legrees, &R = -10 degrees), were obtained
from the Langley 7~ x 10-~foot wind tunnel.

Additional wind tunnel tests werec performed later in the flight test
program at the Cornell Aeronautical Laboratories using an ecignt percent
fiberglass mpodel. The main purpose of these tests was to ¢gbtain :ddi-

- wler a2 emnall

tional stability and conirol information., and only a small amcunt of per-

formance data was Obtained.




Table 1

SUMMARY OF WIND TUNNEL TESTS

wind Upper Lower Rudder

Tunnel a Flap Flap Bias -6

Size Mach Range Setting setiing setting R x 19

(¢ exft) Pate Ne. (deg) (deg) (deg) (deq) ¢
LASA - Langley (8 pot X-24A model)

8x8 Apr 1965 0.60 | 0 to 2¢ =30 20 o 1 586
ocL 1965 | 0.80 to 24 20,30 | 6.96 |

0.90 0 to 24 20,25,30, 7.2
40 ]

0.95 0 to 18 20,30 7.47

1.00 10,20, 30 5.68

1.20 20,30 | 5481

c.8C 0 to 24 T 20 | 6.5s

0.90 0 to 24 | 20,25 7.32

0.95 0 to 18 20,25 7.47

0.40 0 to 24 -30 0,10,20 4.25

0.60 [15,15.20 5.83

0.30 10,15,20 T €.9¢

7x10 Jun 1968 0.50 |-4 to 20 ~10.-15,[¢ -19 5.41

-20,-25

Jul 1968 0.50 |-2 to 22 -39 20 5.41

0.60 -30 29 6.4z
0.60 [ -25 10,15,20 6.1z |

0.70 | -z5 10,15,20 ERT

" ¢.ue -20 $,10.15,20 5.41
0,60 :_V_E a2 |

0.70 ERY

0.50 -15 5,10,15 5 a1

North American

T ] Fcb 1066

rl_l}OJ 0 L_o_?T'T -4¢

Aviation (8 pct X-24A nodel)

i AL

S

NASA - Ames (Full scale X-24a wvehicle)
T0%E0 Ma. 1968 0.29 4-4":0 78 -T5 TS, 15 g T T T
G.20 -5,-10, ] 0
-15,-20
0.20 =20* 0,10,20
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COMPARISON OF FLIGHT DATA
TO WIND TUNNEL RESULTS

Performance flight test data are presented in figures 1 through 30,
appendix I. Plots c¢f CL, and Cp versus angle of attack, and L/D and Cp
versus C[, arc shown for all performance maneuvers flownin and analyzed.
All flight test data points were trimmed data corrected to a 57 percent

reference cg for comparison with tunnel data. Curves were faired througn

the flight data points and are presented as dashed lines in the figures.

The plots are sequenced in order of decreasing upper flap bias configura-

tion, ending with data from the closed up approach configurations and
gear down data. For cach upper flap configuration, a sct of performrance
data is presented at cach individual Mach number for which flight test
data were obtained and placed in order of increasing Mach number. A
complete log of all flight test perfnrmance mancuvers is presented in
table I, appendix I. For cach maneuver, flight data were compared to
all available wind tunnel trim points (zero pitching wmoment coefficient,
for that flap sectting) obtained at the corresponding Mach number and
vehiicle cenfiguration. Where two or more trim wind tunnel points were
available at one upper flap setting. a curve was faired through thcm to
represent @ trimmed wind tunnel curve at that upper flap configuration.

The Cornell wind tunnel trim points for the configuration in which

3Up = -40 Jegrees and Ser, = 25 degrees generally exhibited much higher
trii angles of attack than beth the Langley 8-foot tunncl and thce flight
data. This is suspected to be the result of a small error in the tip
fin dihedral for the fiberglass model. It has been assumed that this

discrepancy affected only the pitching moment data. The Cornell data
points uscd for comparison with trimmed flight data were therefore
selected at the flight determined trim angle of attack for that flap
configuration.

During the flight test program there were no planned attempts to
gather data at different Reynolds numbers. In some cases, however, two
or more performance mancuvers were accomplished at the same flight con-
ditions and vehicle coafiguration, but with different Reyrolds nuabers.
In the flight data presented in figures 3, 5, 9, 11, 17, 27, and 238,
appendix I, half scolid symbols separate the maneuver which differs most
in Reynolds number from the other maneuvers at ecachh flight condition.
Five different vehicle configurations and Mach nusbers ranging from 0.5

to 0.9 arc represented in thesc maneuvers. Reynolds numbers are roeferenced

to the 23-fool reference length of the X-24a. Table Il presents wind
tunncl and flight Reynolds numbers for the entire flight Mach number
rangc.

There were ne variations in the flight test performance paramcters
witich coulC be attributed to l'eynolds number effects within the range of
keynolds numbers flown. Since the flight values of Reynolds number were
always significantly larger than corresponding wind tunnel values, no
conclusions could be reached as to the influence of Reynolds number on
the perfornance discrepancies observed between flight test and wind
tunne1l results.,
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Table 11
FLIGHT TEST AND WIND TUNNEL REYNOLDS NUMBER COMPARISON
Reynolds Number x 10~b
wind Tunnel Tests Flight Tost
Mach; Langley Langley Corncll Ames Full Transonic Subsonic
No. 8xB_ft 7x10 ft Aero Lab | Scale Configuration Configuration
L 0.20 29.4

0.35 4,32 44.65 to 54.2
0.40 4.25 ‘
0.50 5.41 7.50 29.9 to 40.5 34.3 to 64.9
0.55 36.9, 39.6 27.5
0.60 5.83 6.42 27.2 to 34.9 35.1
0.70 7.18 1e.2 to 42.1 32.3, 23.1
0.80 6.96 7.62 4.50 15.1 to 38.7
0.90 7.32 18.6 to 30.5
0.95 7.47 4.00

. G.97 17.3, 19.4
1.00 5.68 14.9, 20.1
1.1¢ 3.7 12.5, 14.9

t
1.20 5.81 12.5 to 15.6
1.30 3.25 12.5 t2 16.6
1.40 16.6, 17.5
1.50 17.5

All supersonic performance flight data should be viewed with respect
to the highly transient conditions under which they were obtained. A
very limited amount of data was extracted from five different maneuvers
during four different fliahts. All maneuvers were performed during peor)oas
! of rapid deceleration with the aircraft underqgoing &M chonges of 0.10 to
‘ 0.27. In addition, this rapid deceleration was in excess of the mcasuring
range of the sensitive longitudinal accelercmeter (0.5 g's). A less sen-
sitive (+2.0 g's) accelerometer had to be used to compute axial chorad
force. Thereforn, gencral trends of supersonic data should be well repre-
% ' sented, but definite distinctions between data at different supersonic

tach numbers could not be determined as accurately as in the subsonic and
transonic Mach number reglons.

|
|
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LIFT COEFFICIENT

I1ft coefficient data shown in fiqures 1 througbh 30, appendix 1,
vere 1n gencral agreement with wind tunnel predictions at low angles of
attack {two to six degreecs), but dropped below predictions at higher
anuales of attack. Tigure 7, which presents data at ~Up = -40 deagrees and
*Rp = 0 deagrecs at. 0.8 Mach number, is a goou example of this effect.
Flight values of trimmed 1lift curve slope (Cp ) ranged from 12 percent

abicve to 20 wercent below trimmed wind tunnel values obtalined from the
Langley 8-foot and 7- x 10-foot wind tunnels for all Mach numbers and
vehicle configurations., Cornell wind tunncl values of lift cocfficient
showed excellent agreement with flight data when compared at flight trim
angles of attack. The one trim lift curve obtained from the Cornell tests
1n the -Up = -i3 degrees approach confiquration was in cxcellent agreement
with Ilight data (figurc 27, appendix I).

supersonic flight 1lift data are presented in figqures 7 and 8, appen-
dix 1, for -40 degrees upner flan bias with 0 deqrees and +2 doerrees
rudder blas, respectively. Supersonic flight was not performed with
upver flap bias scttings other than -40 degreces. Data at zcro -legrees
Ry from M= 1.1 to 1.2 compared well with the Langley 8-foot wind tunncl
curve at M = 1.2, I'light data at 42 deqgreces iRy from i1 = 1.4 to 1.5 showaod
good agrecment with the North American Aviation 7- x 7-foot wind tunncl
curve at M = 1.4 and +10 degrees rudder bias (figure 8, appendix 1).

Full scale wind tunnel Cp, 's werc in good agreement with flight

slopes in the two approach confilgurations. lowever., wind tunncl valucs
of Cj, for any particular anqgle of attack werce generally highoer throughou:
the » lange (Figuares 27 and 238, appendix I).

Gear down flight data were obtained at two different control surface
confilgurations and two nosc gear door configuration5.3 i'flicht data are
presented in figar 29 and 30, aprendix 1, along with full scale wind
tunnel gcar down ¢ ..ves. The flight data were scattered due ta the dit-
ferent configurations, probable ground effects, and large control motlions
associated with the actual landings. Both sets of liaht data have the
same 11ift curve slope which 1s greater than the full scale wind tunnel
(]l“ .

3The nose gear duor was oiiginally perpendiculor 1o the body X-reference oxis and wuas replaced prior to flight 9 by one
canted at a 45-degree angle, Full scale wind tunnel tests were perfurmed with the perpendiculor nose gear door.
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DRAG COEFFICIENT

Prag cvoctficient data are plotied versus anagle ot attacs and also
an drag polars (Cp vs Cp) 1n figures 1 through 30, aprendix 1. Plight
data shoved slightly lower drag than the Langley cight-foot wind tunnel

curves for the transonic vehicle configurations (slp = =40, -35, and =230
degrees with Ry = 0 degrees) aL all tach numbers. VFigure 7, wiich
presents data in the “Up = -40 degrees and *Rpy = 0 deagrees configuration

at 0.8 Mach number, is a good example of this trend.

Supersonic flight test drag data at ¢ deqrees rudder bios and -40
degrees upper flap bias (fiqure 7, appendix T) were lower than Langley
8-foct wind tunnel data taken at M = 1.2, Flight drag data versus angle
of attack data at +2 degrecs ¢Rp (figure §, appendix I) within a Itach
number range of L.3 to 1.5 showed good agreement with the North American
Aviation 7- x 7-foot wind tunncl curve at. M = 1.4 and 410 degrees rudder
bias. Drag polar data, however, were not as consistent with the wind
tunncl curve and exhibited a much different drag polar curvature (drag
due to lift}. The +2 degrees 2Ry data were less scottered than the zero
degree Rp flight data. However, there was insufficent data to draw any
conclusions as te the pelformance effects of positive rudder deflection.

The flight Grag data obtained at the smaller upper flap configura-
tions {‘lig = -8 to -23 degrees) were commared to Lanalevy 7- x J0-foot
wind tunncl curves and showed excellent agreement (figures 2] through 28,
appendix I).

Cornel | wind tunnel drag vajues obrained with the Upsd o) - -40.725
decgrees conflguration and sclected at flight trim anales of attack werce
in good agreement with flight data (figures 1 to 6, appendix 1). 7Th
trimmed Cornell drag and drag polar curves obtained with the Uy = -1i3
degrecs and "Rp = -10 degrees configuration also agreed well with fluoght
data at low Cp,'s, but exhibited higner values of Cp than did the flight
data at €1,'s above 0.3 (figurce 27, appendix I).

b

I'ull scale wind turnel drag versus angle cf attack data were in
excellent agrecment with flight test data in the wwo approach conilgura-
tions. brag polars from the full scale tunnel form a lowsr Loundary of
the flight data scatter with the Langley 7- x 10-foot wind tunncl data
forming the umper boundary. All of the flight gear down drag data werc
below tull scale wind tunnel predictions.

LIFT-TO-DRAG RATIO

Lift-to-drag ratio fligit data vlotted versus lift coef:icient are
compared to wind tunncl data in figures 1 throuah 30, appenaix 1. ligivt
data werce generally in good agreement or slightly above the Langley 8-
foot and 7- x l0-foot wind tunnel data. Dbue to stability boundaries,
many of the flight mancuvers in the transonic configurations and at hiah
“tack numbers were not taken to an anale of attack high enough tc reach
maximun 1L,/D. In most cases where flight mancuvers were taken to the
~aximam L/D, the values of maximum L/D and corresponding lift coafficient
compared woll with available trim wind tunnel curves.

cuversonic L/D flight data at 0 degrees rudder bias (figure 7,

a

sunendiy 1) in the 1= 1.1 to 1.3 Nach number range were in good auarcement
5% ! ] v S| 1n g ;

L3 e Langley 8-tfoot wind tunnel curve at 1 = 1.2, Flight L/D data
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at +2 degrees §Rp in the M = 1.3 to 1.5 range show good agreement with
the North American Aviation 7- X 7-foot wind tunnel curve at M = 1.4 and
“Pp = +10 degrees (figure 8, appendix I).

Flight L/D data did disagree with the Langley 7- x 10-foot wind
tunne:l L/D curves in several cases. In the 4Ug = -21 degrces, £Rp =
~10 degrces configuration at 0.5 and 0.6 Mach numbers (figures 23 and
24, appendix I), flight data appear to rcach maximum L/D at a much lower
Ci, than the wind tunnel and drcp well below wind tunnel L/D's at the
higher Cp's. This data was obtained across the boundary of tip fin flow
separation which is discussed in detail in the Tip Fin Flow Scparation
section.

Flight L/D data aiso differs from the Langley 7~ x l0-foot wind
tunnel data in the approach configurations (figures 27 and 28, appendix I).
Flight data is generally higher in L/D than the tunnel curve which is at
tne low boundary of the scatter. The full scale wind tunnel curve forms
an upper boundary of the scatter so that the two wind tunnel curves form
an envelope enclosing the flight data.

Cornell wind tunnel L/D points at the iUg/ie;, = -40/25 degrees con-
ficguration, which were selected at flight trim angles of attack, were
generally in good agreement with flight test data (figures 1 to 6, appon-
dix 1). The Cornell trim L/D curve at the <Up = -13 degrees, “‘Rp = -10
decrees configuration was also in reasorably good agreement with flicht
data (figure 27, appecndix I).

Flight gear down L/D data are compared to full scale wind tunnel
gear down curves 1in filgures 25 and 30, aposndix I, The Flight data
aenerally exhibited higher L/D's than the wind tunnel curves. Flight
data obtained with the canted gear door were generally slightly higher
in L/D than those obtained with the perpendicular gear door.

FAIRED FLIGHT TEST
CONMPARISONS

Faired flight data are presented in terms of C; and Cp versus .,
and L/D and Cp versus Cp;. Faired flight values of C;,¢ versus Cp are alse
presented,  Comvarisons are made to i1llustrate Mach number, wedge angle,
and rudder bias c¢ffects on performance characteristics. 1In addition, the
effects of tip fin flow separation and landino gear deployment are
analyzoed.

MACH NUMBER EFFECTS

Tor two transonic control surface configurations (-Up = ~40 degrecs

and -30 degrces with ¢Rg = 0 degrees) faired flight curves are compared for

the entire HMach number range in which data was obtained, in order to
show fach number ceffects (figures 8 and 9).
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Lilt Coeflicient

Data vere obtained with -40 degrees upper flap bias for the entire
range of the program from :t 0.5 to 1.5 (figure 8). In the subsonic
1oglon from M = 0.5 to 0.9, there was little change in the (Cp versus .
curve as a function of Mach number. The actual data points fell within
the same scatter band. The Cp, values for a particular trim angle of
attacx began to decrease slightly as transonic speeds were reached, and
decreased qreatly at i‘ach 1.0. Valucs of Cp reached a mirimum at abonut

0 1.3 and increased slightly at 1= 1.4 to 1.5. The Cr,  siopes did not
change significantly with Mach number, N

N —

~ 3~
il

The same general trends are apparent but neot as well defined in the
e

Cy versus o data for the =30 degrees upper flap bias configuration (fignr

Drag Coelificient

versus angle of attack curves and drag nolars
figurcs & and 9. Tigurec 10 summarizes the zero 1lift drag
witi, Mach numier for the two transonmic vehicle contfiagura-
degrees and -30 degrees with *Pp = 0 degrees).  Zero liit
by extrapolating the nearly lirnear €17 versus Op curves
curves representing Cp 10 cegrees ancle of
ted to 1llustrate the effect of draq due tc
show hov total dran cocfficient
attacx. Subsonically, zere Jift
slichtly w]th increased lach number. A drag divergence
3 of (.,9. MMaximum draa occurfcq at 1.1%
mner and then slowliy decreasecd wilth increasing bhor i
comparlbod of the two drag curves with -Ug -40 dearcoes drag
due te Jift for this conficuration was practically constan ul ot
Mtach rarge. Values of 10
T about 0.04. Tor the other trarsonic confliauration I
degrees; “kp = 0 degrees), drag duc to lift aspearced to increase
i namber subsonically.  The suporsonic valucs of cn o

cocfficient
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Lit-to-Drag Ratio

Faired L/D curves are plotted against Cp in figures 8 and 9. The

L/D decreased with increased Mach number for both ceonfigurations. In
figure 11, maximum L/D is plotted against Mach number for all fixed upper
lap bias configurations for which performance data were cbtained. Values
of maximum L/D were cbtained directly from the flight data in appendix I
for those cases in which the flight maneuvers were taken to L/Dp,.. For
those maneuvers in which I_-/Dmax was not attained, flight lift and drag
data were extrapolated to higher angles of attack to obtain the most
plausible values of L/Dysx-. The curves show that maximum L/D decreased
sharply with increased Mach number in the low subsonic region and leveled
off in the transonic and supersonic regions. Figure 11 also indicates
that this subsonic decrease in L/Dpgy was generally smaller at the higher
upper flap bias configurations. The degradation in L/Dpay with increased
Mach number at low subsonic speeds was attributed to tip fin flow separa-
tion and is discussed in the section of the report with that title,.

cL? versus Cp

Faired plots of CL2 versus Cp are presented in figure 12 for the
3Up = -40 and -30 degrees configurations. 1n the stig = -40 degrees con-
B B (2)
d(cC
L

acn ) are 2.6

figuration, the slopes of the resulting straight lines (

in the subsonic region (M = 0.5, 0.6), decreasing to 1.9 in the transonic
region (M = 0.70 t~ 0.98) and ranging frcm 1.89 to 1.40 at supersonic Mach

numbers and zerc . der bias. Supersonic data at +2 degrees rudder bias
atcp?) .
were so limited th. faired —azg—— slopes were not of sufficient accuracy
-
to show trends. At che smaller upper flap setting (6Up = -30 degrees),

the Cp? versus Cp slopes had a value of about 2.7 at M = 0.5 and 0.59 and
showad a steady decrea & with increased Mach number.
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WEDGE ANGLE and RUDDER BIAS EFFECTS

The variable features of the X-24A flight control system allowed
performance data to be collected over a reasonably wide range of upper
flap, lower fiap and rudder bias positions. Representative faired data
at 0.5 and 0.8 Mach number are shown in figures 13 and 14. At 0.5 Mach
number, trim test data were obtained at upper flap biis settings of -40
and -30 degrees with 0 degrees rudder bias; and at upper flap bias settings
of -30, -21, -19 and -13 with =10 degrees rudder bias. Data were also
obtained while controlling on the upper flap (éLp = 0) at -10 decgrees
rudder bias. Because of the predicted poor stability levels at high
Hach numbers and small upper flap settings, performance data were limjited
to -30, -35 and -40 degrees upper flap bias at 0.8 Mach number. These
varial:le control settings were extremely effective in altering the per-
formance of the X-24A especially at 0.5 Mach number where maximum L/D
was doubled by closing the upper flaps from -40 to -13 degrees.

The primary effect of the flap bias feature was to alter the base
area and thus, the base drag of the vehicle. When the upper flap was
extended a pitch-up moment was produced which was ccunteracted (ecither
by the pilot or the control system) by extending the lower flap the
proper amount to remain in trimmed flight. When the upper flap was re-
tracted the lower flap was also retracted to remain in trim. The change
in base area associated with upper and lower flap changes was therefore
a2dditive and related to the change in the total angle between the upper
and lower tlaps, or wedge angle (ow). Movement of the rudder bias sur-
faces on the tip fing did not directly alter the base area or base drag
of the vehicle. It did result in a strong indirect effect since the
rudder position influenced the pressure in the area of the upper flaps.
When tne rudders were biased inboard a large pitchup moment was produced
(similar to extending the upper flap). This moment was countecracted by
¢ither opening the lower flap or by closing the upper flap, thereby alter-
ing the bhase area and thus the base drag.
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Wedge Angle Eftects on Trim Normal Force Coefficient

Since the centers of pressure of the upper flap, lower flap and
rudders were essentially the same distance from the center of gravity
it follows that for trimmed flight, the trimmed normal force cocfficient
(Cy) would be indevendent of the flap or rudder bias configuration (figure
15). This cifect was apparent in the analysis of all wind tunnel data
and 1s confirmed by the flight data shown in figures 16 through 18.
Within the scatter of the test data the trimmed Cy curve is unaffected
by changes in the upper flap bias sctting or rudder bias setting. The
lines represent the data from the Langley 7- x 10-foot wind tunrel for
all flap configurations. The slopes of Cy versus angic of attack were
less for flight test data than for wind tunnel data.

/ i
( Cﬂl ' ,\" )
\ ° Xy "V
—} A
Cog - Xt CN' = 0 FOR TRIMMED FLIGHT

C C C,
Nrgim Mo ' TNy

WHERE  C,, Cm FOR ZERO CONTROL SURFACE DEFLECTIONS
CN, ~ Cj FOR ZERO CONTROL SURFACE DEFLECTIONS

Xy = TAIL LENGTH (opproximately the some for upper flap,
lower f'ap ond rudder bias)

CN AT THE TAIL REQUIRED FOR TRIM

NOTE:

The magnitude of CN' required to produce trimmed flight is the same regaidless

ot which contral surfoce is used.

Figure 15 tnduced Normal Forces far Trimmed Flight




liene







s
it

RETENs JEEEd




Wedge Angle Eftlects on Chord Farce Coeiticlient
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The flight data points were normalized with respect to . using wind
tunnel values of Co for the ~-30 degrees <Up, +20 degreces :ej configqura-
tion. These points are shown plotted versus w2 in figures 23 and 24
and confirm the parabolic variration of C¢ with :w. The streight line
shown on each of these figures is the slope ~stablished from prior analy-
sis of wind tunnel wata and was used in the X-24A simul~rtor.

Flight data points of trimmed Cc at 0.5 Mach number are compared
with simulator values of total trimmed Ce for the same flight conditions
in figure ?5. The simulator values ceompare well with flight data except
at the hicgh wedge angles where simularor values weve somewhat higher than
the flight data.
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Weadge Angle and Rudder Blas Eilects
on Lift-to-Drag Ratlo

The combined effects of 5w and 3Rp on the litt-to-drag ratio at 0.5
Mach number are shown in figure 26. The indirect effect of rudder bias
on the performance characteristics is evident by comparing the zerc de-
gree and -10 degrees ¢&Rp lines in this figure. The vertical separation
of these lines indicates a small apparent improvement in performance
(approximately 0.1 L/D) associated with biasing the rudders inboard at
constant wedge angl> (direct effect of the rudders). A comparison of the
two -30 deygrees 4Up points, however, shows that thig small positive incre-
ment is nore than counteracted by the increase in wedge angle associated
with extension of the lower flap to return to trim. The net result is a
decrease in L/D of approximately 0.3. HNote that the vehicle could also
be retrimmed by retracting the upper flap and thereby decreasing the
wedge angle and increasing the L/D. This is indicated by the solid point
in figure 26 which is an interpolated point showing L/D at 0.3 Cy resulting
from a configuration change from 0 to -10 degrees 3Rp, while hoiding the
lower flaps fixed at 17 deqgrees and trirmming with the upper fiaps (decreas-
ing from -30 to -22 degrees).

Speed Brakes

Prior to flight nine, the automatic rudder bias feature was repro-
gramned to fellow the upper tlap bilas so that the rudder bias and upper
and lower flap bias trim changes would tend tc cancel (reference 1).
Thus the flaps and rudders were electrically linked together and could
e extended or retracted with a minimum trim change apparent to the
pilot. This "speed brake" feature was used by the pilots thereafter
during the landing epproach. Flight data points obtained during the
extend or retract cycle for two values of trimmed Cy (two o's) are shown
in figure 27 and coripared with previous data obtained frcem pushover-
vullups at ronstant rudder bias settings. The total variaticen jin L/D
available t.ircugh the use of the upper flap bias "speed brake" is shown
versus Cp, £/W and Vg in figure 28. The shaded portion of figure 28 pre-
sents the actual amount of speed brake used in the program.
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LANDING GEAR EFFECTS

Figures 29 and 31 compare gear up and gear down faired performance
test data in the 4Ly = 0 degrees, 6Rp = ~10 degrecs control surface con-
figuration. Gear down curves exhibit a greater 1ift curve slope, increasecd
total drayg and siqgnificantly lower L/D's when compared to corresponding
gear up curves. The differences that were apparent between the gear up
and gear down dateé were not due solely to the landing gear. Since de-
ployment of the landing gear produced a nosedown tria change, an increase
of approximately five degrees of upper flap was required to remain at
the same trim lift coefficient.

The gear down lift coefficient versus o curve (ficure 29) is below
the gear up curve and has a steepeY slope by 21 percent. The reduced
gear down lift coefficient at the same angle of attack was a result of
the down load at the tail (increased upper flap setting) required to ccm-
pens,ate for the trim change. (Tnis increment as applied to tne gear up
curve is shown as the dashed line in figure 29 and is based on flight
mecasur=31 values of Cy:_ , reference 5.) The apparent increase in lift
curtve slope 1s probably due to ground effect since gear down data werce
cbtained during actual landings in which the gear was extended botween
40 ard 120 feet above the ground. The data at the nigher angles of attack
and slower speeds were obtained closer to the aground and were thercfore
more strongly iniluenced by ground effect.

The total drag increnent observed was the sum of the landing gear
drag ard the increased base drag resulting from the longitudinal trim
charae ., 7o obtain the drag iacrement due to the landina gear alone the
difference between the gear up and dgear down curves in figure 29 was cb-
tained and a correction applied for the five-dearee difference in wedge
angle using data in figure 21. {(Notice that this correction was quite
small in the wedge angle range of 1% to 20 degrees associated with land-
ings.) The resulting draqg coefficicnt lncrement due tc landing dgear
alone was between €.030 and 0.035 (figure 20).

Gear un and gear down L/D data are compared in fiaure 31. The doe-
vloyment of the landing gear caused a 37 percent reduction in the maximum
L/D.
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TP FIN FLOW SEPARATIOR EFFECTS

T.p fin flow separation was noticed on early ¥X-24A flights. A study
was made to determine at what conditions separation occurred. The re-
sults of this study are reproduced in full in appendix V.

As a result of this study, a tip fin flow separation boundary was
Jenerated and presented in terms ot apparent angle of attack for local
tip fin stall versus Mach number. 2Analysis of wind tunnel data indicated
that as upper flap setting was increased, static stakility also increascd
thus apparently reducing the severity of the separation effects. liowever,
the angle of attack at which separation occurred remained the same for
all upper flap settings.

Figure 32 vresents a comoarison of this boundary with the full rance
of flight performance subsonic and transcnic data obtained during the
program. ITf the boundary is correct, a comparison of data in the un-
separated and the separated regions, should show decreased performance
in the latter. Also, the effects should become greater as uppcr flap
setting 1s decreased. Performance £flight data appear to substantiate this.

Figures 233 through 2325 show faired flight data in terms of L/D versus
angle of attack for threec upper flap settings for a range of !ltach numbers.
The solid part of cach curve revresents data obtained in the unsevarated
region. The dashed part of cach curve rcpresents data obtained at angles
of atitack above the separation boundarv (scparated flow on the tip tins) .
With the upper flaps set at -40 degrees (figure 33}, there was a gradual
decrease in L/Dpayx with increased Mach number, probably due mostly to Mach

number cffects. DNata o tained with {(he vehicle in the otner two trans-
onic confiqurations (*Uy = -35 and -30 degrees) exhibited similar trends
and were not shown., liowever, with the upper flaps set at -23 and -21

degrees, drastic differences, both in meximum L/D and in the total shape
of the L/D curve, are apparent between data obtained in the separated

and unseparated regions (figures 34 and 35). The waximum 1./D jis drasti-
cally readuced and a significant flattening of the curve occurs in the
scparated region., The dramatic differences L.otween the 0.5 and 0.7 Maca
number curves at Uy =-21 deagrees, and the M = 0,%6 and 0.68 curves with
Uy =-23 deqgrees, are very similar. At 0.6 liachk number with a -21 degrees
upiter flap scetting, the separation boundary was crossed anout midway
through the mancuver. The data shew a definite break at the boundary angle

of attack and approaches the totally separated curve at 0.7 Mach number.
Thercfore, the flight performance data appear to correlate very well with
the separation boundary.

Figure 36 prescnts X-24A flight data at three upper flap scttings,
along with small scale and full scale wind tunnel data in terms of maxi-~
mum LD versus Mach number in the subsonic to transonic region. The data
compare very well cxcept tor low speed data in the <{Up = -21 degreces
uppetr flap configuration. Wind tunnel performance results were slightly
optimistic with respect to *ach number or angle of attack in predictina
L/ in the transition region between separated and unscparated flow. This
trend was also found with the HL-10 lifting body (reference 9).

Due to the significant cffects of this type of separation, it is
mp,rtant that wind tunnel studies accomplished prior to the test flight
nregram be analyzed for these trends. Wind tunnel stability measurenents
ceve rachk more significant and gave a much clearer indication of tip fin
¢l separaticn than did wind tunnoel performance measurements (appendix V).
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CONCLUSIONS

A large amount of performance data was obtained during the X-24A
flight test program which confirmed the design coals of a subsonic L/Dnax
cf over 4.0 and a supersonic L/Dy.x of approximately 1.25. 7The perior-
r:ance characteristics of the vehicle were defined for a variety of vchicle
contrel surface configurations over a Mach number range of 11 = 0.26 to
1.50 and at angles of attack from 1.5 degrees to 19.% degrees.

Different wind turinel tests showed discrepancies with each othev
in their predictions. Generally, however, flight test data exhibited
lower 1lift at the same angle of attack, and lift curve slopes that were
less than most wind tunnel oredictions. Flight test drag coefficlient
data were also generally slightly less than wind tunnel data with the
result that flight L/D's were similar to wind tunnel predictions.

Some Mach number eifects were apparent in the flight data. Flight
litt curve slopes did not change appreciably with changing Mach number.
Hoewever, lift cocfficicnts at the same angle of attack showed significant
decreases with increcascd ilach nupber above M=0.9. Zecro 1ift drag co-
efficient. data were derived ané showed the coxvected transonic drag rise.
The reduction in L/D with increasing Mach number which occurred in the
low subsonic !tach range (0.5 « M - 0.7) was at*ributed to tip fin flow
sej-aration. Plight performance data substantiated the tip fin flow
se2i.aration boundary which was developed from hinge moment data and tuft

onatos early in the {lighi test program.

The effects on performance of control flap configuration were found
to be a total wedge anygle effect. This was manifested by & change 1n base
arca which contributed a corresponding change in base draa. Flight chord
force coefficient data at low subsonic Mach numbers were found to be a
narabolic function of wedge angle which confirmed wind tunnel predictions.

The drag coefficient lncrement due to the landing gear alone rarged
from 0.030 to 0.035. <the total effect of landing gear deployment (land-
1ng gear plus an incrcasce 1n wedge angle due to trim change) produced a
reductio: in L/Dj,y. of 37 percent in the final gear down landing coufigura-

tion ('L = 0 deqrees).
The speed brake featurce of the X-24A control system, which was

developert during the test program, provided the capability for a variation
st L/D fiom 4.25 to 2.10 at Mach numbers below 0.8.
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APPENDIX 1

FLIGHT TEST AND WIND TUNNEL
TRIM PERFORMARNCE DATA
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APPENDIX (1
ANGLE OF ATTACK CORRECTIONS

Figure 1 shows the results of a calibration performed on the angle
of attack vane attached to the nose koom in the full scale wind tunnel
at a Mach number of 0.2. 1In an attempt to verify the wind tunnel re-
sults, data from the second flight are also presented. Flight data were
obtained py computing flight path angle from radar data and subtracting
it from the measured pitch angle to obtain a true angle of attack while
the vehicle was at zerc bank angle. This is not a very accurate technique
due to wind effects and inherent inaccuracies in the radar data. The
dat a, though scattered, substantiated the wird tunnel calibration of the
Z-zaa angle or attack vanc and cstablished higher confidence in the wind
tunnel rasults.

The nose boom was mounted at a 6-degree nosedown angle with respect
to tne longitudinal axis of the vehicle to minimize errors ir the air-
speed system pressure measurements. The true angle of attack as estab-
lished by the wind tunnel (ap) was defined by the relationship

. g S S “boom 6 deg
or = 0.87 (o) = 1775 = 115
where oj “boom * 6 deg
From tnis equation
heg = 5f = op = G5 - (0.87 a3) = 0.13 uj

at 0.2 Mach number.

To obtain the total upwash cor:rection throughout the subsonic Mach
number region, an attempt was made to compute the body and roseboom up-
wash e¢ffects using the methods of reference 10. The asymmetric shape of
the X-24A made it very difficult to calculate the body upwash effects.
Calculations were made using equivalent bodies of revolution generated
individually by the top, bottom and side contours. Another calculation
used the cross sectional area distribution of the X-247A to compute the
radius of an equivalent body of revclution at a series of stations
along the bedy. Both these methods yielded values for su./aj at 0.2
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Mach number that were less than half the wind tunnel value, and so were
J discarded.

Finally the equation from the original wind tunnel curve,

. (uboom + 6 deg)
or 1.15

was modified to i1ncorporate compressibility effects by applying & Machn
function to the correction factor as follows:

( + 6 deg)

a
bcom

Q.
1+ .15V1 - m°

T‘;

This expression is plotted in terms of Aaﬁ/ai versus M in figure 2
along with the full s<cale wind tunnel point.

A correction was also made to angie of attack for the effects of
boom bending due to normal accelerations (Aapp). A firnal correction was
made to o for pitch rate on the o vane which was 17.1 feet forward of
the vehicle's center of gravity (Aaq).

Therefore, true angle of attack was obtained from the following

summation:
a + 6 deg
a = boom + te . + Aa
bb
i+ .15Vl - M
where
boyy, = (.0666) (ap - 1)

bag = (17.1)(a/ve)
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APPENDIX il

X-24A POSITION ERROR
DETERMINATION

This appendix was adapted from an AFFTC Flight Test Technology
B8ranch memo vwrltten by Christopher J. Nagy 1n January 1971.
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INTRODUCTION

The position error measurement on the X-24A lifting body presented
problems that are not encountered on most other types of aircraft. The
comnwon methods of position error measurcements such as the tower fly-by,
the ground speced course and the pacer would not work with the X-24A be-
cause there was little time spent in stabilized flight. The X-24's only
power source was a rocket cngine, whici made it a boost-glide type ve-
hicle. fThus, the aircraft was either gaining or losing e¢nergy very fast.
Thnis means that the altitude and/or airspeed was increasing or decreasing

rapidly . These changes in altitude and airspeed introduced problems of
lag 1n tine static and dynawic pressure and transicnts in the position
cerror. In addition, problems in the instrumentation were cnccuntcred.

These problems and their sclutions will be discussed in this appendix.
TECHNIQUE

The method of cobtaining the position error is basically a comparison
boetween the aircraft-measured static pressure and the actual static pres-

p
: . - . : ) -
sure at a given altitude. The data was prepared in a - L form and a
=M form where: A,
1c
S O
|5 S a
P
I IR S G S I 0 -
51§ 1c 1c, =
q
C.
1¢C
from cguation $.65, pige 74 of reference 6.
Frow equation 5.5, page 53, reference 6,
ZPD
— = { (4 C
g ('lc' L )
. 1C
ic
P
: 2 > . .
C effects were neglected so that 1—1—‘15 a function of instrument
bie ic,
ic
corrected Mach number only. The aircraft measured a static pressure and
a dynamlce pressure using a standard NASA nose boom. The dimensions of

this boom arc given in fioure 6. The actual static pressure was calcu-
latea from a Rawinsoende balloon temperaturc versus altitude curve using
the hydrostatic cguation {(eguation 1.17, page 87).

Onice Lhe necessary parameters werce obtained, the first siep was to
limit the usable portions of a flight to those where the climb or sink
rate was less than 150 teet per second. This helped to eliminate the
lag problem. The second step was to select times that gave Mjc values
at anproximatcly 0.005 increments between the minimum and the maximum
ilic values available within the usable portions of the flight. More
spacing than 0.003 gave uncertain data; less than this gave unnecessary
scatter. Once the times and Mje values werce obtained, the Py values
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were derived.  First the altitudes at the specific times were recorded
trem an altitude versus time radar track. Then P, values were obtained
for each altitude from weather balloon data. The Pic counts from the

vehicle were then recorded at the same times and two slightly different
calibrations were used depending on whether the pressure was increasing
: or decreasing. (The pressure transducer transmitted digital counts to
i the ground and calibrations were used to obtain pressure.) This was

~Pp
H done to account for hysteresis. Next, B was calculated for cach Mic
c.
H ic
aP
value and plotted versus Mic' Once the —F— values were Kknown , AMC was
C. pe
ic

found from the following equations (eguations 5.63 and 5.65, page 67,
reference 6) for AMpC < .04:

(L.0 + 0.2 M. ) AP
. _ ic 2,3.5_. g
M = M - MlC = T [¢(1.0 + 0.2 Mic ) 1.0]q
ic c.
ic
for I"IL c > .04
2
_i:?,MlC Mpc ) 0.7 (1.0 1.6 Mlc )IMDC
2, . 2. ¢
P ] (1.0 tf?'zMic ) (1.0 + 0.2 Mic ]
q . 23.5 _
ST (1.0 + 0.2 Mic ) 1.0

This equution was solved to give a AMDC versus Mic curve.

RESULTS

The final data points of flights 10 to 13, 15 to 18, and 20, and
the faired lines are shown in figure 1. Similar curves are given for
comparison in figure 2 for the HL~10, another lifting body. Flights 1
through ¢, the glide flights, were deleted for several reasons. First,
they ccould not provide information on the higher portions of the Mach
range, sincec, without power, the highest Mach number reached was about
0.7. Second, because the powered flights after burnout covered the same
regime as the glide flights, the same data could be obtained from the
powered flights. Third, the Rawinsonde balloon release time for fligihts
1 through 9 was not closc cnough to the launch time for the P, values to
be accurate. A late balloon releasc caused flight 14 to be deleted for
the same reason. Flight 19 data was consistently high, and although a
detailed study as to why was not made, a bad radar track was suspected.

Flight 21 data are not shown because it was consistently low. A
closer look at the radar altitudes indicated that the radar may have
lost track and may have been "hunting” during this time period. Flights
2z an+d 23, although net graphed, gave consistent data on or necar the pre-
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dicted curves. By flight 23, a fairly high level of confidunce had been
developed in the predicted curves. Succeeding flight data were not
worked up since the Mach range was not extended beyond 1.3%. A pressure
system failure precluded usc of data from flight 25 on which a maximum
Mach of 1.6 was recached.

DISCUSSIGN OF RESULTS

' The data indicate a leveling off of the iMpe vurve below 0.55 Mj..

It was decided te retain a straight line betw?2en 0.55 and 0.35 to accom-
modate the data between 0.40 and 0.55. Below 0.35, the position crror
was unimportant because the aircraft never flew below 0.35 Mach in the
gear up configuration.

Transonic

The data indicated that the position crrer peaked around My . = 0.920.
A detailed look at airspeed and altitude traces showed that the gynamic
- pressure peaked at Mjo = 0.920 and the static pressure at Mije = 0.940.
gy From this information one might exp2ct a curve such as the solid line
shown in figure 3. On flight 18 almost no second break was visible, the
static pressurec jump being masked by corresponding changes 1n dynaruc

pressurce. Flight 20 showed a more pronounced break at Mjc = 0.945. To
accommodate the flight data during the Mach junmp, the &My curve was
4 drawn bent slightiv outward as shown by the dashed line (figure 3). This

seemed to fit all data points mest accuratcly.

The data intercepted the ~Mpe zZero line at about Mje = 1.075. A
position error of zero was uscd above Mach 1.075. Although plotted data
points arc slightly negative supersonically the values are felt to be
well within the measuring accuracy of the systen.

} Correlation with Predicted Data
In April 1966, a study was made by the Martin Company in an cffort

to predict the position error curve for the X-24A. Dimensions from the
existing nose boom were uscd in theoretical calculatiors to obtain

:‘;Pp/qC as a function of Mach. This curve is shown in figure 4. Ngrcoe-
ic

ment between predicted and flight mcasured values was generally good,

and the agreement between Mj. = 0.550 and 0.750 was exceptional. The

Mach numbexr at which the break point occurs (where the bow wave passes
over the pressure ports) was the same 1n each case.

, Particular Problems Situdied

Lag

Lay was studied for both the static and dynamic pressure systems
and estimates were made for each. The static pressure lag can be calcu-
lated from the cguation (reference 6, equation 4.2, 4.9, paga 29, 30).
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"Plag TS _
I
!
32 mI_.2 Q
Where v = —- (1 + =) = lag constant
LA
D P
7 and m = coefficient of viscosity = 3.0 x 10—7 for X-24 temp range.
L = length cf tub‘ng, ft = 8.93
D = diamcter of tubing, ft =~ 1.43 x 10-2
vy = ratio of specific heats == 1.4
' P = applied pressure, .psf
Q = instrument volume, ftj, x 1.447 x 10_2
] -
: A = cross scctional area of taubing, ft2 = 1.605 x 10 4
This lcads to
_29.7 4p
AlJlag T T p dt
For a sink ratc of 150 ft/sec at 40,000 ft v
lb-sec pst 1 ‘
N = { — 3. = ——C = . €
APyag = 12947 ) ) (2.9 e (T e psT 3 pst
4 This was not enough to affect the walidity of the results.

A similar study was made for dynamic pressure lag. Taking landing
as the most extreme case since the rate of change in dynamic pressure is
highest here.

g, = 300 psf

_C = 15 bBSf
dt 15 sec y

%2 can be calculated similarly for the dynamic pressure system giving ‘

‘ aq = (1.03 x 102 sec) (15 EZ—%) = .155 psf
: s

Again this was not nearly cnough to affect the results.




Zero Shifts in the Aircraft Pressure System

There was some concern that pressures taken at the balloon release
time (within 30 minutes after landing) from both the balloon and the air-
craft vere different by as much as four psf after being corrected for
altitude differcences between the lakebed and the Rawinsonde station. The
question was raiscd whether a zero shift correction should be applied to
the X-24 plessure to make it conform with the ground pressure of the
balloon. Starting with flight 14, checks were made on the two pressures
and the results are shown in the following table:

Table 1

DITFERENCES IN X-24A AND Wi VPHER BALLOON STAT1C PRL3SURES

Rawinsonde
Ground Pressurc Minus X-24A
Ground Pressure Corrected
to Lakebed Altitude

tTotal Change
Pre-flight Post-flight Between Pre- and
Flight No. Correction Correction | Post-flight Checks
14 0.0 -2.9 2.9
15 +G.4 -2.0 2.4
16 +1.1 -1.6 Z.7
+1.0 -1.5 2.5

Tt can ke seen that the pre- and post-flight corrections were of
opposite sians. The discrepancy was attributed to hysteresis in the
X-24A static pressure transducer. Hystercesis, according to the manu-
facturer of the instrument is 7 psf. Tn actual calibration with proessure
incrcasing ana decreasing, the apparent hysteresis was more like 3 pst,
which 1s in accordance with the change in pre- and post-flignt checks.

It was therefore concluded that the data should not be corrected for zero
sihhifts but that hysteresis cffects were of greater iwportance and should
be accounted for when applying the calibrations.

Time Shifts

The most important factor in reducing the data was to insure that
the balloon passed through the flight altitude at approximately the same
time of day that the flight occurred. Best results were obtained when
the balloon reazhed flight altitude within 30 minutes of flight time.
Fl.3ht 14 is a good cxample of erroncous data because this rule was not
obscrved. Due to transmitting difficulvies, the balleoon was not at alti-
tude until four hours after the flight. Figure 5 shows the data accord-
ing to the late balloon; in addition. data from a balloon seven hours
prior to the flight and the expected results are shown. bata from late
balloons may give good results depending on the stability of the atmos-
phere during that time period. llowever, any attempt at correcting for
the time shift based on ground pressures is useless, since, while the
pressure at ground level may have changed 1 psf, the pressure at 40,0006
feet may have changed 3 or 4 psf.




Pacer

The first flight with the rockets called for a powered profile which
would keep the X-24A at a somewhat constant altitude and speed for a
reasonable amount of time. Therxcefore, this opportunity was taken to use
a well calibrated T-38 pacer to establish some good points on the posi-
tion error curve.

The pacer pilot turned on the event light three times during the
flight indicating that he felt he was stabilized alongside the X-24A.
One point was taken during the powered portion at 35,000 feet and at an
X-24A Mjc of 0.660. The other two points were taken in the pattern at
test indicated Mach numbers of 0.426 and 0.419.

Indicated altitude, velocity, and temperature data were taken from
the pacer photepanel and instrument corrected. This data was put into
a computer program along with corresponding X-24A data and the vacer
position crror curve. The program computed position errors using a 3Hpe
method and a AVpe method.

The results shoew good agreement between the two methods for the
point at 0.660 Mach number. Values for aP /qc were 0.058 and 0.062
ic
which correspond to AM's of 0.023 and 0.025. These values were close to
the other data which gave a AMpc of 0.029 at 0.660 Mjc.

The two mcthods did not show good agreement tor the two points in
the pattern. Values for APp/qc ranged from 0.115 to 0.067 correspond-
ic
ing to 4Mpetg of 0.027 te 0.015. However, all points fall within the
scatter of the other data.

The pacer points give good support to thc data obtained through
the other method explained in the report.




Figures Y Through 6
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APPENDIX 1V

DIGITAL COMPUTER PROGRAM FOR
DETERMINATION OF
PERFORMANCE CHARACTERISTICS

This computer program was written by David F. Richardson of the
Flight Test Technology Branch.
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An IBM 1620 digital computer program was used to correct flight
data and compute performance characteristics of the X-24A. A computer
listout of the program is shown in figure 1. A list of equations used
in the program is also presented. The following corrections were made
to the flight data by the program:

l. A correction to the accelerometers for a pitch misalignment angle
¢ with the X- and Z-axes.

2. A correction for displacement of the accelerometers from the test
center of gravity.

3. A correction tc trim elevator position for pitch rate and for cg
variation from a wind tunnel reference of 57 percent. This refer-
ence c¢g was used as the standard cg in the computer program, During
the pushover/pullup the pitch rate was sustained by a 6e input which
centributed to lift and drag. Therefore, it was necessary to know
the derivatives Cmq, Cimigg ¢ Ccée’ and CNée, in order to take out the
normal and chord force increments due to the se increment required
to maintain the pitch rate. From pitch rate (g), Cmq, and Cm5e' it

was possible to determine the ¢e increment required to maintain the
test pitch rate. The normal and chord force increments associated
with this §e were subtracted from the test values of Cy and Cq to
obtain the total test coefficients. The test values were then added
to ACy and AC due to variation from the standard cg to obtain the
total standard coefficients for zero pitch rate at 57 percent cqg.

Values of €1, and Cp at 57 percent standard c¢cg were computed along
with standard L/D by rotating the body axis coefficients using true angle
of attack. The program printed out corrected trim elevator position, Cy
and Cc test. and standard values for Cn, C¢s Cr, Cp, and L/D. The longi-
tudinal stability and control derivatives, Mach number, and angle of
attack, which were input data were also printed out for each data point.
A sample printout is shown in figure 2. Table I gives a list of all
symbols used in the program.
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C

L/D DETERMINATION
TYPE 1
t FORNAT (//25%,18H L/D DETERMINATICH/)

READ 3

3 FORMAT (20X 27H A/C TYPE FLIGHT NO, DATE,20X)
TYPE 3
TYPE 25

25 FORMAT (//48H TEST CN AND CA CORRECTEC TO STANDARD CG AND =P)
YPE 2

26 $0REAT;//2X7H MN/CMT X104 ALPHA/CAT,3X9H CNDE/CNS,3X9H CADE/CAS)
YPE 2

27 FORMAT (L®X,10X 9H CMDE/CLS,3X 8H CMO/CDS,2X 11H DEC/(L/D)S//)
READ 2,T,WTLTMAC,SAREA,E,X,Z
READ 2,DXCG.DZCG.DXAX,BYAX DZAX,DXAZ,DYAZ,DZAZ
ck=1.7h532956 -2
E =E *CK

1@ READ 2,HT,P,R,DP,DR
READ 2,CNDE . CADE ,CMDE ,CM(, O
READ 2.MN,OB,VT,ALPHA,AX,AZ,0,D0

2 FORMAT (8F1¢.@)
VT=VT*1, 688
AXC=AX*COS(E )~A7*S IN(E)
AZC=AZ*COS(E )+AX*S IN(E)
AG=32,175-(3. #B6E ~B6) *KT
AXCG=AX G+ { CK*({ DYAX *DR-DZ AX#D() J4+ CK**2 *DXAX *( 0% *2+R+*2 ) ) /AG
AZCGmAZC~( CK*(DXAZ ¥D0~DYAZ *DP )4 CK**2*D7 AZ *(Q**2+P*%2 ) ) /AG
CNT=AZCG*WT /(OB*SAREA)

AAT_ /T _LITLAVAAN IIADSCADE AN
VA= ™t TAALVU AV Tanne Ay

DDET= CMO*Q*TMAG*CK/(CMDE*2, #*VT)
CNTC=CNT+DDET*CNDE
CATC=CAT+DDET *C ADE
DCMCG={DXCG*CNTC-DZCGACATE ) /TMAC
DDES=-DCMCG /CMDE
CNS=CNTG+DDES *CNDE
CAS=CAT:+DDES*CADE
ALPH1=ALPHA*CK
CLS=CNS*C0$2ALPH!)—CAS*SlN(ALPHI)
CDS=CAS*COS{ ALPH1 )+CNS*S IN(ALPM1)
SLDR=CLS/CDS
1F(Z) 21,21,20

20 DDET=DDET/CK
DDES=DDES/CK

21 DEC=DE+NDET+DDES
TYPE 29,MN,ALPHA,CNDE ,CADE ,CMDE ,CMQ,DEC
TYPE 29°CNT,CAT, ENS,CAS,CLE, CDS . SLDR

29 FORMAT (F9.8,F15.6,5F12.6)
TYPE 39

3¢ FORMAT (/)
(F(X) 15,15,1@
END

O IAI DN *Tndicates multivlication.
*#Tndicates an exnonent,

Figure 1 Pertormance Digital Computer Program Listout




EQUATIONS USED IN PERFORMANCE DIGITAL COMPUTER PROGRAM

Correction to Accelerometers for ’itch Miseligumert ¢

a = g COS € ~ B ain ¢
X x z
C b

a = cos € + 8 sin €
4 b 4
¢ ¢}

Altitude ’orrectioi. to Acceleration due to {iravity

&, = 32,175 - (3.0866 x 107°) ii

Corsec ion to Accelerometers to Test cg

a =a +{Ay .1 =0z _ ,q)+ax_ (a® + r?) .
X X ax ax ax .
cg c
a
S
= - : - Av Y 2 4 12
8, a, (Axaz R v) hz (a p?)
cg c
a
o4
wnere .
+ax = distance o accelerometer forward of test cz in ft

+Ay distance of accelerometer right of test cg in ft

+az = distance of amccelerconeter down from test c¢g in ft
subscripts &x - longitudinal accelerometer
az - norinal accelerometer

Calculation of C“ and CC from Corrected Acceleraticns

CH

(az . N)/(qc. S)
T cg

c, =(T-w.,ua ) .5 .
Ccg A

-3

Correction to klevevor for Zerc Pltch Pate

= c/c . v
A&et Cm e q . c/ O N
q Se




Jorrection to C, apd T for klevator Trim Change
N

C, =C, + Ne, . C

Cn, Co,
T'e i de

-

Chang2 in Piiching "‘oment induced bw Translating lest cx to a 57

Percent Standard c¢s

anc, =ax . Co=bz LT )/ €
eg & Yle & Te
where
+AX = distance of test cg forward of 575 standard cg in ft

CcE

=

+Azc = distance of test cg down from ST standard cg in ft

Correction to Mlevator tc Froduce Zero Pitch Rate at Stsndard cg

Correction to U, and CC for illevater rin Change to Jtanderd ¢

C.=C, + ASe . C.,
. a S I
N Se
¢C =20 + hie Cc
c C.. ]
s e de

Calculation of CL' C,, and L/D at 57 Tercent Clandard cg
1

¢, = C.cos a =C_sin a
L I (o

C.=0C cos a4+ C, sina
A

Calculuaticn of Total ilevator Nefleccion Corrected to Zero Pitch
Rate at o7 Percent Standard ceg

oe = de + Ale, + Abe
C T S
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L/D DETERMINATION
X=-2LA X-3-5 21 AUG 69

TEST CN AND CA CORRECTIED TO STANDARD CG AND 0O=0

MN/CNT

. 487007
314289

. 488000
.330789

- 189080
324826

LL919¢0
.321896

LL9i106606
.319789

Jre0e
.3508825

L4yi0ee
472640

ALPHA/CAT CNDE /CNS CADE /CAS
CMDE/CLS CMO/CDS

9.010000 L0009 . Q7L00n ~. 114309 -.35800p
723167 L3MPL2 020776 .294a74 967665

9.300000 15000 .072p00 ~-. 119960 -.359000
.BW24566 «315933 021984 .308227 .972756
9.12¢000 10000 073009 ~. 112890 -.359000
.P2L363 .319328 ~021783 .3p2962 . A70697
9.150m00 10050 - B73000 ~. 110040 -. 360000
28972 .307899 .P26478 . 294762 .A75162
G.336000 L7066 SDT2000 - 1 1a6ea - 360080
.#25588 »315837 .723189 .298933 .@r2456
19.076000 25660 071040 - 1100006 -. 360003
LB1923h .337036 .116931 .328883 . 075691
12.060000 50800 . 0660030 ~-. 1g9nae -.360000
011253 L4p1553 .Bp8652 .3yp8s8z . 992361
13.740000 467000 - P6200% ~-. 108020 -.360000
.AP3263 Ju35197 . A0GL5T Lu2263h L1381
1, 11¢000 LH79000 . 060007 -. 197648 ~. 360000
AN16AY LLiBh56 ~.0Ath5y L435L76 . 1974959

Figure 2 Sample Qutput from Performance Digital Computer Program

DEC/(L/D)S

3.518786
4,345976

3,728989
L4, 236444

3.265271
L,285311

3,412839
3.9v1389

2.2842¢3
L.113252

.981197
L.35¢223

39339y
L,232041

-.88271y
L. p71185

-1,973856
L.p33700

IR




fable I
PERFORIMANCE DIGITAL CMOMPUTER PROGRAM SYMEOLS
uantity Program Symbol Units
ikrust T 1b
Vehicle weight ik
Mean aerodynanic ckord ‘t
Wing area t2
Dynamic pressure 1b/€t2
Yach number --
Corrected altitude HT ft
True airsceed vT Kt
True angle of attack ALPHA deq
Longrtudinal acceleratior AX a's
——hormal acceleration AZ a's
I X Distance to test cg DTG ‘t
? Distarce tc test cg D2CG L
Distances of longitudinel DY AN ‘e
accelerometer from DYAX ‘t
test cg DZAX it
Divtances of norral DAAZ ft
accelercmeter from DYAZ fe
test cg Pr4:91 ft
Poll rate P deg/sec
Pitch rate & deq/sec
b
Yaw raze r ‘dng/sec
Roll acceleration Dp deg/sac”
Pitch acccleration DG deq/sec?
_Yaw acceleration LR dec/5032
| _Crice CNDE dea™ 1 or rad 1
| _SALe CADE dea™ ! or raq-i
__:?‘c _ CMEE deg~l or rad™1
Crg MO rad~1 B
Accelerolireter aligament angle E deg
Conversicn constant CK rai/deaq 1
Accelerations corrected for AL q's
alrgnmert: AXC G's
Accelerations corrected te AXCS rad/s

zerc rotation railes AZ2CG rdu/secz
Tost normal force coefficient CNT --
Test axial force coefficient CAT -~
2lovator correction for UDET dev
pltch ratc
test normel and ax:ial CNTC --
torce ccgefficients corrected ChTC --
Ltg 7zerc pitch rate
ca Cerrection to pltching momrent STHMOG --
2y Correction to elevator NDEL deg
standard normal ard axial CNS --
coutficients CAS --
srandard lift and drag CcLs --
coefficients cDs --
Standurd ift Lo dray rat:n SLDhR ~--
Elevator positl e deg
corrected ele.u or position LLEC deg
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APPENDIX V ]
TIP FIN FLOW SEPARATION STUDY

This appendix was adapted from an AFFTC Flight Test Technology
Branch memo written by Robert G. Hoey in January 1970 after flight eight
of the test program.
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INTRODUCTION

Flow separation over the inner tip fin and rudder surfaces (tip
fin stall) has occurred on each of the eight X~-24A glide flights. The
existence cf separated flow is apparent in the rudder hinge moment and
accelerometer data. It has been verified by tuft photos taken from the
center fin camera and from chase plane photos. This has been manifested
to the pilot as a mild, high frequency, Mach-type buffet.

TEST DATA

Tuft photos of the right tip fin from the center fin camera for 3
flight conditions are shown in figure 1. Three typical rudder hinge
moment time histories are shown in figure 2 as the flight conditions
crossed the tip fin stall boundary. These hinge moment truaces are for
the right rudder surfaces. The left rudder traces are generally similar,
but the transition between attached and separated flow appears to be
more gradual on the left side. Correlation between tuft photos and hinge
monent traces for the onset of separxation is good.

DISCUSSION

Analysis of wind tunnel data showed a large variation in the
derivatives Cp, and C:. for the Mach/angle of attack rvegion in question
(figure 3). The point of nonlinearity was probably related to the stall-
ing of the tip fin. Notice in figure 3 that increasing the upper flap
setting tended to increase the level of static stability in the region
cf scparated flow but did not alter the angle of attack at which the ftlow
separation occurred. Wind tunnel data at other Mach numbers czhowed simi-
lar trends and the apparent stall angle of attack has been plotted versus
Mlach numker in figure 4., The flight conditions for the tuft pictures are
shown by the three numbered circles. The three hinge moment time histories
are represented by the arrowed lines. keasonable correlation can be seen
between the wind tunnel stall boundary and the flighit test data points.

. summary plot of all observed separation or reattachment occur-

rences is shewn in figure 5. These points represent a varicty of upper
flap and rudder bias configurations (:Up = ~21 degrees, -23.5 degrecs,
-30 decrees; ‘Rp = 0 degrees, -5 degrees, =-10 deyrees). although there

is a considerable amount of scatter in the plotted data, efforts to
separate out the possible effects of :uadder bias, upper flap bilas. side-
£1lin angle, rudder trim, or right versus left tip fin stall have bcen
unsucecessful. It does appear that the intensity of the hinge moment
vibrations was less in the stall region at the higher upper flap settings,
a trend similar to that observed in the wind tunnel variations of Cp

and C; (figure 3).

The tip fin stall probably cccurred whecn the lccal flow ncarvr the
fin lecading cdge reached sonic velocity. Thils 1s 1indicatcd by the strong
dependence of the stall boundary on HMach number and angle of attack.

A two-dimensional flow analysis for the tip fins conducted by 1. Banner,
NASA Plight Rescarch Center, using wind tunnel pressure data confirms
the possibility of local #ach numbers approaching 1.0 at freestream iach
namders as low as 0.6,
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EFFECY ON FUTURE FLIGHTS'

The tip fin stall observed during test flights to date has not
produced any noticeable degradation in the inherent aerodynamic stability
ox controllability of the X-24A. The flow separation has, however,
always occurred asymmetrically (or with asymmetric intensity) such that
steady state pilot lateral control inputs of ac much as 20 degrees have ‘F
been reguired to maintain wings level flight. Since the lateral control
power is quite low this could produce a dangerous situation if the
asymmetry becomes worse at higher Mach numbers, Rudder trim has been
used very effectively to compensate for a steady lateral mistrim; how- h
ever, momentary angle of attack or configuration changes near the stall r

boundary produced transient lateral motions which were quite annoying
to the pilot.

Analysis of the wind tunnel data before the first flight produced T
the boundary shown by the dotted lines in figure 5. This boundary was
based upon analysis of the upper flap lateral control data which shows
a sharp drop in effectiveness for flight conditions above this line.

Note in tuft photc No. 2 that the flow over the upper flap is still
attached even though the tip fins are stalled. This flight condition

is above the predicted tip fin stall boundary, but below the predicted
upper fiap stall boundary. It is therefore anticipated that the predicted
upper flap stall boundary is probably still valid with conseguences which
may be more severe than those associated with the tip fin stall. Since
this boundary does appear to be a function of upper flap position larger
upper flap settings shculd be used during exploratory flights to higher

MAach numhers.,

CONCLUSIONS

The tip fin stall observed on X-24A glide flichts appears to corre-
late with nonlinearities in certain wind tunnel derivatives and is not
in itself cause for concern. The flow separation boundary is most likely
associated with the occurrence of sonic velocity near the tip fin leading
edgre and appears to be a primary function of only Mach number and angle
of .ttack. lLateral-directional trim recuirements associated with asym-
metric tip fin stalling (or asvmmetric intensity of the flow separation)
was annoying to the pilot and could have become dangerous if the asyvm- !
metry became more severe at higher Mach numbers. Predicted boundaries
for flow separation over the ubper flaps are probably still valid and g
should be considared in the planning of high Mach number flights.

—~o—
Talaly

]Flights subsequent to this meme did not invalidate these statemants.
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